1. Introduction
===============

Pancreatic cancer is the third leading cause of cancer-related mortality in the United States (US), with a 5-year survival rate of approximately 7% to 8%.^\[[@R1]\]^ In 2017, an estimated 53,670 new cases (female: 25,700; male: 27,970) of pancreatic cancer were diagnosed within the US and 43,090 individuals (female: 20,790; male: 22,300) were expected to die of the tumor.^\[[@R1]\]^ According to the World Health Organization classification,^\[[@R2]\]^ pancreatic tumor is divided into epithelial (including exocrine and neuroendocrine tumors) and non-epithelial neoplasms. Pancreatic ductal adenocarcinoma (PDA) and its variants account for \>90% of all pancreatic malignancies.^\[[@R3]\]^ Other less common pathological subtypes include mucinous cystadenocarcinoma, serous cystadenocarcinoma, intraductal papillary mucinous neoplasm (IPMN), and acinar cell carcinoma.^\[[@R4]\]^

Surgery with curative purpose still remains the best treatment modality for most of the operable pancreatic tumors.^\[[@R3],[@R5]\]^ However, at presentation, more than 80% of patients are not suitable candidates for resection because of the metastatic (50%) or locally advanced (30%) disease.^\[[@R3]\]^ The resectability criteria is mainly based on the absence of peritoneal or hepatic metastases and the extent of venous and arterial involvement by the tumor.^\[[@R3],[@R6]--[@R8]\]^

In the present study, we explored pancreatic cancer incidence trends over the past 16 years and patterns by gender, age, race, tumor pathologic type, tumor size, location, American Joint Committee on Cancer (AJCC) stage and treatment methods using data from the Surveillance, Epidemiology and End Results (SEER) program. To our knowledge, only a few studies have evaluated the time trends in pancreatic cancer rates,^\[[@R9],[@R10]\]^ and none has examined trends within the main clinicopathologic subtypes of pancreatic cancer.

2. Methods
==========

2.1. Data source
----------------

A retrospective descriptive study was carried out using data from the SEER database. SEER 18 registry database for 2000 through 2015 was retrieved for the present study (seer.cancer.gov/about/overview.html). The SEER program collects data regarding tumor incidence, patient demographics, patient therapy and survival from 18 population-based cancer registries, which covers approximately 28% of the US population. We identified 24089 patients who had known pathological diagnosis. Pathological diagnosis of pancreatic tumors was based on the International Classification of Diseases for Oncology, 3rd Edition (ICD-O-3).

We selected all pancreatic cancers using SEER∗Stat recode ICD-0--3/WHO 2008: Pancreas (ICD-O-3 site C25). The following mutually exclusive pathological groups were included: ductal adenocarcinoma excluding cystic or mucinous (8255, 8490, 8500, 8507, 8510, 8514, 8521, 8523, 8560, 8570), ductal specified as cystic adenocarcinoma (8440, 8470, 8504), ductal specified as mucinous adenocarcinoma (8480, 8481), intraductal papillary mucinous neoplasm (IPMN) (8144, 8450, 8453, 8471, 8503), non-secretory endocrine tumors (8150, 8246), secretory endocrine tumors (8151, 8152, 8153, 8155, 8156), acinar cell adenocarcinoma (8550, 8551), carcinoid endocrine tumors (8240, 8241, 8243, 8244, 8245), and solid pseudopapillary (8452).^\[[@R9]\]^ Only tumors defined as malignant (behavior = 3) were included in the analysis. All included patients are anonymous and this study was approved by the institutional review board of Lanzhou University Second Hospital. All clinicopathologic data from SEER is public available.

2.2. Statistical analysis
-------------------------

We used SEER∗Stat version 8.3.5 software to calculate incidence counts and age-adjusted rates. Rates were defined as the number of new patients per 100,000 persons and were adjusted by age to the US standard million population for the year 2000. The temporal trend annual percentage changes (APCs) and 95% confidence intervals (CIs) were calculated using annual rates. In addition, incidence rate ratios (IRRs) were calculated by surgical treatment group.

To determine the time point at which the incidence trends changed, joinpoint regression models were performed by Joinpoint software 4.5.0.0 (<http://srab/cancer.giv/joinpoint/>). As described before, this calculative method uses a statistical algorithm to define a best-fitting regression line through incidence data across the time period, determining how many joinpoints should be used to determine where statistically significant changes take place. The maximum number of joinpoints were limited to five. The simplest model was chosen based on significance tests using a Monte Carlo permutation method.^\[[@R11]\]^ By Joinpoint analyses, APC was also calculated to analyze these trends for statistical significance.

3. Results
==========

3.1. Trends by patient demographics (age, sex and race)
-------------------------------------------------------

Table [1](#T1){ref-type="table"} showed the APCs calculated by SEER Stat and Figure [1](#F1){ref-type="fig"} showed the results of Joinpoint regression analyses. Overall, the incidence of pancreatic cancer was on the increase. The initial APC increased at a rate of 2.22% from 2000 to 2012 (*P* \< .05), and increased from 2012 to 2015 at a rate of 9.05% (*P* \< .05). Joinpoint analyses revealed that the absolute incidence of pancreatic cancer in patients aged 0 to 45 years increased at an annual rate of 2.94% until 2012 (*P* \< .05). It increased rapidly between 2012 and 2015 at an annual percentage change rate of 30.31% (*P* \< .05). The incidence of patients aged 45 to 60 years has increased at a statistically significant annual rate of 2.94% until 2011 (*P* \< .05), while it increased rapidly form 2011 (APC: 10.37%, *P* \< .05). For individuals aged 60 to 70 years, a joinpoint was also observed in 2013 and the incidence increased rapidly after 2013 (APC: 15.53%, *P* \< .05). In contrast, no joinpoints were found for patients aged 70 to 80 years and \> 80 years (Fig. [1](#F1){ref-type="fig"}A).
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Incidence trends of pancreatic tumor from 2000 to 2015.
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The detailed incidences grouped by sex and race were shown in Figure [1](#F1){ref-type="fig"}B and C.

3.2. Trends by clinicopathologic parameters
-------------------------------------------

As shown in Table [1](#T1){ref-type="table"} and Figure [2](#F2){ref-type="fig"}A, incidence rose among patients with \<2 cm, 2to 4 cm and \> 4 cm tumors (APC = 9.49%, 4.30%, and 1.58%, respectively). Figure [2](#F2){ref-type="fig"}B revealed that the incidence of pancreatic head cancer increased at an annual rate of 3.57% until 2005 (*P* \< .05). It increased modestly between 2005 and 2012 at an annual percentage change rate of 1.39% (*P* \< .05). Since then, the incidence of pancreatic head cancer has increased rapidly at a statistically significant annual rate of 6.88% (*P* \< .05). The incidence of pancreatic tail cancer increased between 2000 and 2011 at an APC of 2.34% (*P* \< .05), and then increased at an APC of 17.36% from 2011 to 2015 (*P* \< .05). The incidence of pancreatic body cancer increased at a rate of 6.70% from 2000 to 2015 (*P* \< .05).
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The trends by cancer stage showed increase incidences of stage I and II pancreatic cancer from 2000 to 2013 (stage I: APC: 2.71%, *P* \< .05; stage II: APC: 4.87%, *P* \< .05). However, for stage III and IV pancreatic cancer, the APCs decreased at a rate of −0.69% and −2.04% from 2000 to 2013, respectively (Both *P* \< .05) (Fig. [2](#F2){ref-type="fig"}C).

As shown in Figure [3](#F3){ref-type="fig"}A--C, the rate of pancreatic cancer varied with histologic types. The incidence of PDA increased during 2000 to 2008 (APC: 6.26%, *P* \< .05), and 2008 to 2015 (APC: 3.14%, *P* \< .05). In contrast, the rates of mucinous and cystic adenocarcinoma decreased across the study period (mucinous: APC: −4.24%, *P* \< .05; cystic: APC: −3.40%, *P* \< .05). The rate of endocrine: carcinoid rose from 2001 to 2010 (APC: 8.22%, *P* \< .05), 2010 to 2013 (APC: 90.71%, *P* \< .05) and 2013 to 2015 (APC: 30.94%, *P* \< .05). There was an initial decrease in the incidence of endocrine: non-secretory at a rate of −2.58% per year (*P* \< .05) from 2000 to 2008, followed by an acceleration from 2008 to 2013 at an annual rate of −15.77%. Interestingly, after 2013, there was no significant increase in endocrine: non-secretory incidence (APC, 12.95%; *P* \> .05; Fig. [3](#F3){ref-type="fig"}B). Finally, there were increases in the incidence of IPMN (APC: 3.22%, *P* \< .05) and acinar cell carcinoma (APC: 2.59%, *P* \< .05) from 2000 to 2015.
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3.3. Trends by treatment
------------------------

Table [2](#T2){ref-type="table"} showed the characteristics of patients with pancreatic cancer (with known pathological types) as identified in the SEER data set from 2000to 2015. Despite the large number of cases without surgery (n = 11769), rates were higher among cases with surgical treatment (surgery/non-surgery IRR: 1.035, 95% CI 1.009--1.062). In Figure [4](#F4){ref-type="fig"}A, we found that incidences of patients receiving surgery increased from 2000 to 2008 (APC: 7.55%, *P* \< .05), 2008 to 2011 (APC: 2.17%, *P* \> .05) and then there was an acceleration from 2011 to 2015 (APC: 10.51%, *P* \< .05). The incidence of patients who had Whipple procedures rose with an APC of 6.05% (*P* \< .05). The incidence of total pancreatectomy also increased from 2000 to 2005 (APC: 29.76%, *P* \< .05) and 2005 to 2015 (APC: 1.98%, *P* \< .05) (Fig. [4](#F4){ref-type="fig"}B). Rates of patients without surgical treatment were increased during 2000 to 2002 (APC: 7.64%, *P* \< .05), then decreased during 2002 to 2010 (APC: −2.83%, *P* \< .05), and increased from 2010 to 2015 (APC: 4.23%, *P* \< .05).
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Pancreatic cancer counts, rates, and surgery/non-surgery incidence rate ratios based on different clinicopathologic variables in SEER 18 (2000--2015).
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The incidence of cases receiving radiotherapy increased from 2000 to 2008 (APC: 2.28%, *P* \< .05), but decreased since then (APC: −3.11%, *P* \< .05). The incidence of patients without radiotherapy increased during 2000--2011 (APC: 2.13%, *P* \< .05) and 2011 to 2015 (APC: 10.17%, *P* \< .05) (Fig. [4](#F4){ref-type="fig"}C). The incidence of cases receiving chemotherapy increased over time (APC: 4.70%, *P* \< .05). However, the rate of patients without chemotherapy increased rapidly since 2012 and finally exceeded the rate of cases with chemotherapy in 2015 (Fig. [4](#F4){ref-type="fig"}D). In supplementary Figure 1, we showed the trends of combined treatments for patients with pancreatic cancer. We found that patients undergoing surgical treatment without chemotherapy and radiotherapy had the higher rates compared with those who received other combined treatments.

3.4. Trends by treatment and clinicopathologic parameters
---------------------------------------------------------

In Supplementary Table 1, we showed the overall incidence trends (non-joinpoint analyses) of pancreatic cancer stratified by treatment and clinicopathologic parameters. In Figure [5](#F5){ref-type="fig"}, the joinpoint analyses revealed that rates (during the most recently time periods in joinpoint analyses) of patients undergoing surgery increased more rapidly than cases without surgery among patients aged 0 to 45 years, 60 to 70 years and \>80 years. The detailed joinpoints observed by joinpoint analyses were shown in Figure [5](#F5){ref-type="fig"}. The total age-adjusted rates (2000--2015) among patients with surgery compared with cases without surgery were higher among patients aged 0 to 45, 45 to 60 and 60 to 70 years (all IRRs \> 1.00). In contrast, it was similar among cases aged 70 to 80 years and lower among cases aged \>80 years (Table [2](#T2){ref-type="table"}).
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In Supplementary Figure 2, after stratified by treatment and sex (Supplementary Fig. 2A), or treatment and race (Supplementary Fig. 2B), the joinpoint analyses demonstrated that rates of patients undergoing surgery increased more rapidly than patients without surgery among all subgroups. However, the total rate of cases with surgery was lower than the rate of cases with non-surgery among the Blacks (IRR: 0.732; 95%CI: 0.676--0.792) (Table [2](#T2){ref-type="table"}).

When stratified by tumor stage and treatment, the IRRs (surgery/non-surgery) were 2.298 and 5.200 (Both *P* \< .001) for stage I and II, respectively. However, the IRRs were 0.419 and 0.109 for stage III and IV, respectively (Both *P* \< .001). In joinpoint analyses (Supplementary Fig. 3B), the incidence of cases in stage II receiving surgery increased from 2004 to 2009 (APC: 9.28%, *P* \< .05) and 2009 to 2013 (APC: 2.57%, *P* \< .05). However, for cases in stage I, the incidence of cases with surgery decreased since 2009 (APC: −4.14%, *P* \< .05). Finally, after stratified by tumor location, we found that the incidences of patients undergoing surgery increased more rapidly than patients without surgery among all subgroups during the most recently time periods in joinpoint analyses. The joinpoints for all trends were shown in detail in Supplementary Figure 3A--C.

Specially, we found that rates among cases with surgery compared with non-surgery were higher among those with PDA, cystic adenocarcinoma, IPMN, solid pseudopapillary tumor, endocrine: non-secretory, endocrine: secretory and endocrine: carcinoid (All IRRs \>1) (Table [2](#T2){ref-type="table"}). However, the IRRs (surgery/non-surgery) were 0.234 and 0.578 for mucinous adenocarcinoma and acinar cell adenocarcinoma, respectively.

4. Discussion
=============

Our study showed increases in pancreatic cancer rates from 2000 to 2015 and the incidence increased more rapidly between 2012 and 2015 at an annual percentage change rate of 9.05%. We explored the trends of pancreatic cancer by clinicopathologic characteristics and found important differences. The overall increases in cancer incidence were primarily due to PDA (which represents most of the cases). Cigarette smoking is an established risk factor for PDA.^\[[@R12]--[@R16]\]^ However, whether it is related to the acceleration of increase of pancreatic cancer incidence needs further investigations. Consistent with previous studies,^\[[@R9],[@R17]\]^ the mucinous and cystic adenocarcinoma were declined over time, which may be caused by the improved diagnosis and treatment for precursor lesions prior to malignant transformation. In addition, rates of some rare pancreatic tumor types including IPMN, acinic cell carcinoma and carcinoid endocrine tumors increased across the study period. However, little is known about the epidemiology and etiology of these extremely rare pancreatic tumors.^\[[@R3]\]^

This increasing incidence trend is most pronounced in cases with age \< 70 years (Fig. [1](#F1){ref-type="fig"}). In a recent study, Sung et al examined age-specific incidence trends in the USA for 30 common cancers (including 12 obesity-related cancers).^\[[@R18]\]^ Consistently, they observed that the incidence of pancreatic cancer increased significantly in a stepwise manner in young adults. Although incidences for pancreatic cancer also rose in older adults, the magnitudes of annual percent increase were smaller than in young adults. The prevalence of overweight and obesity have been increasing in the USA since the 1970s.^\[[@R19]\]^ The incidence of diabetes has also been increasing rapidly in children and young adults since the 1980s.^\[[@R20]\]^ In addition, other risk factors including the quality of diet and cigarette smoking also increased the incidence of pancreatic cancer in the younger patients.^\[[@R9],[@R16],[@R21]\]^

Specially, we observed that an increasing diagnosis of smaller (\< 2 cm and 2--4 cm) and earlier (stage I and II) pancreatic cancer between 2000 and 2015, which may be due to the mixed progress that has been made in the early diagnosis and treatment of pancreatic tumors in the United States.^\[[@R22]--[@R25]\]^ In addition, the increasing rate of pancreatic tumors were predominately located in the head and tail of the pancreas. Given that the majority of tumors were located in the head of the pancreas and the incidence of pancreatic head tumors increased rapidly over time (2012--2015 APC: 6.88%), the Whipple procedures remained the most commonly used treatment modality.

To render the locally advanced tumors resectable, multidisciplinary treatment including systemic chemotherapy and local radiotherapy remains the current standard of care for locally advanced pancreatic tumors,^\[[@R3]\]^ but with limited success. Though adjuvant chemotherapy alone has shown improved OS for pancreatic tumor, the role of radiation therapy remains controversial.^\[[@R26]\]^ In the present study, we found that the incidence of patients undergoing surgery without chemotherapy and radiotherapy increased more rapidly than other combined treatments. By joinpoint analyses, we found that the incidence of patients undergoing radiotherapy decreased during 2008 to 2015 (APC: −3.11%).

With the increasing incidence of pancreatic tumors among younger cases, the rate of patients in the young receiving surgical treatment increased rapidly in recent years (Fig. [5](#F5){ref-type="fig"}). However, owing to the highest prevalence of pancreatic cancer in the elderly patients, the surgical treatment rate was the highest among patients aged 70 to 80 years (Table [2](#T2){ref-type="table"}). For patients older than 80 years, due to the poorer performance status and more comorbidities, more patients received non-surgical management, while the incidence of these patients undergoing pancreatectomy rose rapidly in recent years. It may be related to the improved surgical techniques and perioperative management. In addition to age, race also influenced the management of pancreatic tumors, we found that the total surgical treatment rates were lower among the Blacks from 2000 to 2015. In 2013, the incidence of surgery for the Blacks exceeded cases without surgery (Supplementary Fig. 2). Tumor burden is also a critical factor determining the treatment modalities. Patients in stage I and II remained the major component for receiving surgical treatment. The number of patients receiving Whipple procedures exceeded those without surgery for pancreatic head tumors since 2004, and the incidence of cases receiving pancreaticoduodenectomy increased rapidly from 2000 to 2015 (Supplementary Fig. 2).

The strengths of the present study lie in the use of large population-based datasets (SEER 18), which allowed the analysis of recent pancreatic cancer rates by clinicopathologic parameters. To our knowledge, this is the first study demonstrating the rise of pancreatic cancer by clinicopathologic features. However, this study had limitations. First, we only included cases with known histologic types, which limited the patient count and it may lead to the instability of the conclusions. Second, we cannot acquire some parameters of tumors from SEER, which may influence the accuracy of the trends stratified by tumor characteristics. Despite these limitations, our study demonstrated that the increasing incidence trend is most pronounced in the White and the prevalence of the pancreatic tumors tends to be younger. In addition, our study reveals differing patterns by clinicopathologic features, which presents a comprehensive analyses of the trends for demographics, early detection, and disease treatment of pancreatic cancers.
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